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Abstract 33 

Ecologists use multiple methods for studying interspecific competition, but different 34 

approaches may give different answers. We examined competitive interactions between 35 

Avicennia germinans (black mangroves) and salt marsh plants at their dynamic ecotone in Texas, 36 

USA. We compared four methods: two different methods of sampling a large (24 x 42 m) 37 

mangrove removal experiment, a transplant experiment conducted within the large experiment, 38 

and an observational study comparing sites naturally dominated by marsh or mangrove 39 

vegetation. In all of these approaches, mangroves strongly suppressed the cover and biomass of 40 

salt marsh plants. But our understanding of the strength of these interactions varied depending on 41 

the study method used, the plant species studied, and the spatial scale considered. The transplant 42 

experiment isolated the effects of competition driven only by the presence or absence of 43 

mangroves in the immediate (3x3 m plot) vicinity of the transplanted plants. In contrast, the 44 

observational study examined the combined effects of dispersal, abiotic suitability and 45 

competition as a function of the cover of mangroves at the larger plot scale. Combining the 46 

approaches in areas with levels of mangrove cover varying from 45% to 97% provided insight 47 

into how results from the local scale could be extrapolated to the landscape. In this case, 48 

although mangroves may compete strongly with neighboring marsh plants growing in their 49 

immediate vicinity, marsh plants may not be totally eradicated from sites colonized by 50 

mangroves, but instead may persist on the landscape at low densities in stressful habitats that 51 

offer a refuge from competition. 52 

 53 

Key words: Avicennia, interspecific plant interaction, natural study, community composition, 54 

removal experiment 55 
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 56 

Introduction 57 

Plant community assembly is driven by several processes, including dispersal, abiotic 58 

suitability, and species interactions (Boulangeat et al., 2012; Rand, 2000). Climate change is 59 

altering these processes, and consequently causing shifts in community composition worldwide 60 

(Huntley, 1991). One well-studied example is woody encroachment, where graminoid 61 

communities are increasingly being dominated by woody vegetation due to a variety of global 62 

changes (Lett et al., 2003; Ratajczak et al., 2012; Scholes et al., 1997). As woody vegetation 63 

increases, graminoids and forbs—and the species that depend on them—are suppressed (Lett et 64 

al., 2005) 65 

In coastal habitats, woody encroachment is represented by the spread of mangroves into 66 

salt marshes worldwide (Saintilan et al., 2014). Plant communities in coastal wetlands, situated 67 

at the ecotone of aquatic and terrestrial ecosystems, are particularly sensitive to changes in 68 

hydrology, climate, and biotic conditions (Cherry et al., 2009; Lomnicky et al., 2019). In the U.S. 69 

Gulf Coast and the Florida Atlantic coast, the black mangrove, Avicennia germinans, has 70 

expanded in abundance and expanded its geographic range northward from the tropics due to 71 

warmer winters (Osland et al., 2020a), decreased severe freezing events (Cavanaugh et al., 2014; 72 

Osland et al., 2013), changes in precipitation (Osland et al., 2014b) and nutrient enrichment 73 

(Weaver et al., 2018). This species and other mangroves have expanded their ranges during 74 

periods of optimal conditions and retreated during periods of suboptimal conditions (Alongi, 75 

2015; Montagna et al., 2011). As a result, areas near the geographic border between mangroves 76 

and marsh habitat often contain a dynamic mosaic of both habitat types expanding or contracting 77 

over time as conditions change. 78 
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Ecologists use a variety of methods to study changes in plant communities, including 79 

observations (also known as “natural experiments”) and manipulative experiments (Diamond, 80 

1986). These methods vary in their strengths and weaknesses, and the importance of each 81 

method will vary across spatial scales, even though the main interest is centered around the same 82 

patterns of diversity and composition at the different scales (Vellend, 2010). Here, we use 83 

several methods to study competition between mangroves and salt marsh plants. Many studies 84 

have looked at how salt marsh plants affect mangrove seedlings (e.g., Guo et al., 2017; Pickens 85 

et al., 2019), because mangrove seedlings are easy to manipulate. In contrast, relatively few 86 

studies have looked at how adult mangroves, which are difficult to manipulate, affect marsh 87 

plants. Based on basic ecological theory (Keddy, 2001), we would expect adult mangroves to be 88 

competitively dominant over shorter marsh plants. Ecologists could use a variety of methods to 89 

test this hypothesis. One possible approach would be to experimentally manipulate mangrove 90 

abundance to see the effect it has on marsh plant abundance. Our experiment on Harbor Island, 91 

near Port Aransas, Texas, USA has taken this approach (Armitage et al., 2020b; Guo et al., 92 

2017). The results of a large experiment like this one would depend not only on the competitive 93 

interactions occurring between the two types of species, but also on dispersal limitation and the 94 

abiotic suitability for species establishment (Armitage et al., 2020b; Guo et al., 2017). Another 95 

approach would be to document plant composition in large areas that naturally occur with and 96 

without mangrove cover in an observational study (Armitage et al., 2021a). The results of 97 

observations like these, because they occur on a large spatial scale, again would depend on 98 

competition, dispersal and abiotic suitability; however, dispersal limitation might be less 99 

important because the sites could represent long-term steady state conditions. The outcome of 100 

this approach, however, might be affected by pre-existing abiotic differences between areas 101 
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where mangroves occurred and were absent. A third approach would be to document changes to 102 

marsh plants and mangroves caused by disturbances from natural disasters (Ferwerda et al., 103 

2007; Osland et al., 2020b) or anthropogenic impacts (Bernardino et al., 2018; Bulmer et al., 104 

2015; Granek et al., 2008). This is another kind of observational study, comparing across time 105 

rather than across space, with the advantage that abiotic conditions are held constant, and the 106 

disadvantage of emphasizing dispersal dynamics in a successional context. Finally, a fourth 107 

approach would be to transplant plants into areas with mangroves and areas where mangroves 108 

have been experimentally removed. By ensuring that individuals were in immediate proximity of 109 

each other and that abiotic conditions were standardized, this approach would isolate the 110 

importance of competition. 111 

The outcome of studies on interactions between mangroves and salt marsh plants is also 112 

likely to vary depending on which marsh plant species are examined. Different marsh plant 113 

species vary in how well they can tolerate low light, reduced nutrients, and abiotic stressors (Xie 114 

et al., 2019). Because stress tolerance is often inversely related to competitive ability (Snow et 115 

al., 1984), differences in stress tolerance underlie patterns of plant zonation (Bertness, 1991; 116 

Engels et al., 2010; Pennings et al., 1992). As a result, studies comparing multiple plant species 117 

are likely to generate more insight than studies focused on a single species. Although all these 118 

approaches tell us something about species interactions, they may not all tell us exactly the same 119 

thing. The purpose of this paper is to clarify what we learn from each approach. 120 

Finally, different types of approaches to understanding interspecific plant interactions are 121 

often carried out at different spatial scales. As a result, different outcomes could be a function of 122 

spatial scale rather than study approach per se. For example, competition is likely to occur 123 

between neighboring plants as a response to resource depletion. But, responses to species loss at 124 
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the landscape scale could be due to resource depletion and a function of propagule pressure—a 125 

species cannot increase locally, even if conditions are favorable, if it is so rare on the landscape 126 

that the supply of propagules or colonists is low. Therefore, examining the role of spatial scale is 127 

fundamental to understanding why different approaches yield different results.  128 

We worked on the Texas coast, where a number of areas have alternated between marsh 129 

and mangrove dominance over the last decades (Montagna et al., 2011). For example, during a 130 

recent period of mangrove expansion on the central Texas coast from 1990 to 2010, mangrove 131 

cover increased by 74% (Armitage et al., 2015). At the landscape scale at the time of this study, 132 

there were some areas dominated by mangroves and other areas where mangroves had not 133 

invaded and that were dominated by marsh plants. The areas dominated by mangroves 134 

sometimes had marsh plants coexisting in patches or as understory vegetation, whereas the areas 135 

dominated by marsh plants often lacked mangrove shrubs altogether (Armitage et al., 2021a).  136 

Our overarching aim was to examine competitive effects of adult mangroves on three 137 

species of salt marsh plants in order to gain insights into how and why the community 138 

composition of salt marshes changes with differing levels of mangrove cover. To do this, we 139 

used four different methods to provide a comprehensive understanding of the interactions 140 

occurring. The first method used an observational study to document plant composition in large 141 

areas that naturally occur with and without mangrove cover. The other three methods were based 142 

around an experimental manipulation of mangrove abundance. Within this manipulation, we 143 

assessed effects of mangroves on marsh plants using a plot survey, a transect survey and a 144 

transplant experiment. All the methods are explained in greater detail below. The manipulative 145 

experiment also allowed us to examine these interactions at four different spatial scales: 3x3 m, 146 

9x9 m and 15x15 m and 24x42 m plots. We tested three hypotheses. First, we hypothesized that 147 
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competitive interactions in natural conditions would be weaker than in experimental conditions, 148 

because the communities used for the two approaches differed in terms of ambient mangrove 149 

cover. Second, we hypothesized that different marsh plant species would respond differently to 150 

mangrove competition, because different marsh species vary in their ability to tolerate abiotic 151 

stress, low light and low nutrients. Third, we hypothesized that the measured effect of 152 

competition would be a function of spatial scale, because some methods (e.g., a transplant 153 

experiment) bypass the dispersal stage, whereas others (e.g., a mangrove removal) require marsh 154 

plants to disperse into areas where mangroves are cleared. 155 

 156 

Methods 157 

We compared an observational study and a manipulative experiment on the central Texas 158 

coast of the Gulf of Mexico in Port Aransas, Texas. The manipulative experiment was located 159 

within the Mission-Aransas National Estuarine Research Reserve, and most of the observational 160 

study sites were located within the Mission-Aransas estuary (Appendix: Figure S1). Near Port 161 

Aransas, coastal wetlands were dominated by either the black mangrove, Avicennia germinans, 162 

or by a mixture of three common salt marsh plant species, Spartina alterniflora, Batis maritima, 163 

and Sarcocornia spp. (these species will be referred to by genus hereafter). Other plant species 164 

present in low abundance at the sites included: Borrichia frutescens, Distichlis spicata, Iva 165 

frutescens, Lycium carolinianum, Monanthochloe littoralis, Salicornia bigelovii, Schoenoplectus 166 

robustus, Sesuvium portulacastrum, Spartina patens, Strophostyles helvola and Suaeda linearis. 167 

We compared the competitive interactions occurring between mangroves and the three 168 

common marsh species using four approaches. The first approach was an observational study, 169 

consisting of five sites dominated by marsh vegetation (named “marsh” hereafter) and five 170 
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dominated by mangroves (named “mangrove” hereafter) (Appendix: Figure S2). The vegetation 171 

at these sites established naturally and was not actively planted or managed. Because of the 172 

pattern of mangrove colonization of the Texas coast, it was not possible to physically intersperse 173 

the sites representing different treatments. At each site (<20 ha), we characterized the plant 174 

community in 2015 by estimating percent cover of each species in 7-14 quadrats (1x1m) situated 175 

along a transect deployed perpendicular to the shoreline. We estimated percent cover for each 176 

plant species that was present at the sites independently, regardless of vertical overlap. 177 

Therefore, total cover of the plot could exceed 100 percent. In addition to foliar cover of each 178 

species, we also estimated percent cover of mangrove pneumatophores (aerial roots). Data are 179 

available online (Armitage et al., 2021b). 180 

The manipulative experiment was located on Harbor Island, Port Aransas, Texas, USA 181 

(27.86° N 97.08° W). Prior to the initiation of the experiment in 2012, the area was dominated by 182 

Avicennia, with ~10% cover of salt marsh plants (Guo et al., 2017). Ten plots, each 24 m 183 

(parallel to the Lydia Ann Channel) x 42 m (perpendicular to the channel), were demarcated and 184 

mangroves were removed within each plot to yield one of ten cover classes of mangroves from 185 

0% to 100% in increments of 11 percent (0%, 11%, 22%, 33%, 44%, 55%, 66%, 77%, 88%, and 186 

100%) (Figure 1a). This manipulation mimicked mangrove dieback following a hard freeze. We 187 

divided each large plot into 3x3 m plots that either had aboveground mangrove biomass removed 188 

or left intact. This mimicked the natural patchy structure of the vegetation and also made it easier 189 

to maintain the plot mangrove cover over time. The number of plots that were removed created 190 

the appropriate plot-level mangrove cover value (e.g., 0% mangrove cover reflects all plots 191 

within the large plot removed, 55% mangrove cover reflects about half the plots within the large 192 

plot removed). This design required salt marsh vegetation to naturally colonize the areas where 193 



10 

mangroves were removed. The clearing was completed in a stratified random checkerboard 194 

pattern, and manipulated plots were maintained every 3-4 months for the first year and annually 195 

thereafter. Within these plots, we estimated the effects of mangroves on marsh plants using three 196 

different approaches. 197 

The first approach in the manipulation experiment was a “plot survey” conducted in 198 

2019. We estimated vegetation cover within 3x3 m plots containing mangroves (named 199 

“mangrove” hereafter) and plots in which mangroves had been removed (named “marsh” 200 

hereafter). Plots were categorized as fringe (the front 12 m of the large plot closest to the water) 201 

and interior (back 30 m of the large plot) zones. There were six replicates of each treatment 202 

within each large plot (except for the large plots with 0 and 100 percent mangrove cover, for 203 

which only one treatment type was present), for a total of 24 plots (two vegetation treatments x 204 

two zones x six replicates) per large plot (Figure 1c). Data are available online (Pennings, 205 

2021b). 206 

The second approach was a “transect survey” conducted in 2019. We deployed two 207 

transects that ran from the back of each large plot to the front, with 14 contiguous plots per 208 

transect (Figure 1d). We recorded percent cover of each species in each plot as described above; 209 

data are available online (Armitage et al., 2020a). This method differed from the “plot survey” 210 

because it sampled vegetation at the very front of the large plots at the water’s edge, in the 211 

middle of the large plots, and at the very back of the large plots, whereas the plot survey 212 

stratified sampling within just two zones; fringe and interior. 213 

The third approach was a “transplant experiment”. We transplanted the three most 214 

common marsh plants, Spartina, Batis, and Sarcocornia, as small clones with small (~10 x 10 x 215 

10 cm) root balls, into each large plot in March 2013 and harvested them in November 2013. The 216 
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three species were planted together in individual marsh and mangrove plots, with four replicates 217 

of each treatment per large plot spread across the fringe and interior (2 replicates in the fringe 218 

zone and 2 replicates in the interior zone) (Figure 1e). The marsh plants were not transplanted 219 

into the larger plots with 100% overall mangrove cover or 0% overall mangrove cover, because 220 

these plots did not allow a comparison between marsh and mangrove vegetation types. The 3x3 221 

m plots were large enough that the canopies of the three transplanted species did not overlap at 222 

the end of the growing season. Thus, it is unlikely that the transplants were interacting with one 223 

another. At the end of the growing season in November 2013, the aboveground biomass of the 224 

transplants was harvested and dried to a constant mass. Data are available online (Pennings, 225 

2021a). 226 

We used several statistical methods to analyze the competitive interactions of mangroves 227 

on the three target marsh species. To test the first hypothesis that competitive interactions in 228 

natural conditions would be weaker than in experimental conditions, we first compared species 229 

cover (or mass for the transplant experiment) between treatment types (marsh versus mangrove) 230 

using two-sample t-tests. To evaluate the effect of the treatments on mangrove cover, we also 231 

compared mangrove cover and pneumatophore cover between treatment types. For the t-tests, the 232 

unit of replication was the 7-14 quadrats per site in the observation survey (observational study), 233 

for a total of 64 mangrove quadrats and 52 marsh quadrats. In the plot survey (manipulation 234 

experiment) the unit of replication was the 3x3 m plots from each plot, for a total of 102 235 

mangrove plots and 105 marsh plots. The unit of replication in the transect survey (manipulation 236 

experiment) was three contiguous 1 m measurements taken within each plot in the 42 m long 237 

transects in each large plot, totaling 406 mangrove measurements and 397 marsh measurements. 238 
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The unit of replication in the transplant experiment (manipulation experiment) was the 3x3 m 239 

plots from each large plot, totaling 32 mangrove plots and 32 marsh plots.  240 

Second, to convert abundance measures into a standard index of competition, we 241 

calculated the relative interaction intensity (RII) based on the cover (or mass) of each species of 242 

salt marsh plant in areas that represented mangrove and areas that represented marsh. We used 243 

the formula RII = (C+M – C-M) / (C+M + C-M), where C+M is the cover/mass of salt marsh plants in 244 

the mangrove treatments (+), and C-M is the cover/mass of salt marsh plants in the marsh 245 

treatments (-). This index allows marsh plant performance in the presence and absence of 246 

mangroves to scale to the total performance at each treatment. RII is a standard index of species 247 

interactions that has been used in many previous studies (Armas et al., 2004). RII values can 248 

range from -1 to 1, with negative RII values indicating competition and positive values 249 

indicating facilitation. To calculate the RII in the observational study, we haphazardly paired 250 

marsh versus mangrove sites, to give a sample size of 5 per species. To calculate the RII in the 251 

manipulation experiment, we paired the average of the marsh treatment plots with the average of 252 

the mangrove treatment plots within each of the eight, large experimental plots that had both 253 

types of treatments (thus, excluding 0% overall mangrove cover and 100% overall mangrove 254 

cover), to give a sample size of 8 per species. We compared RII values among the three plant 255 

species using ANOVA. 256 

Third, we performed a nonmetric multidimensional scaling (NMDS) ordination as a 257 

representation of dissimilarities among plant communities, using species-specific plant cover as 258 

the response metric, based on the Bray-Curtis similarity matrix. Specifically, we compared plant 259 

communities in the marsh and mangrove treatments across the observation survey, plot survey 260 
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and transect survey. Because the transplant experiment measured biomass instead of percent 261 

species cover, it was omitted from the NMDS analysis. 262 

To test the second hypothesis that different marsh plant species would respond differently 263 

to mangrove competition, we evaluated the two-sample t-tests and RII values calculated above. 264 

We compared RII values among the three plant species using ANOVA. Additionally, we 265 

compared RII values among methods and species using a two-way ANOVA. 266 

To test the third hypothesis that the measured effect of competition would be a function 267 

of spatial scale, we first used a two-way analysis of variance (ANOVA) for the plot survey, 268 

transect survey, and transplant experiment to compare the effects of treatment type (marsh or 269 

mangrove) and zone (fringe or interior) on the species cover or biomass. Second, we used 270 

analysis of covariance (ANCOVA) to examine the effect spatial scale, in terms of surrounding 271 

competitors, on the competitive interactions. We ran three separate ANCOVA analyses for each 272 

response variable (plant cover or biomass). In each case, the treatment type (marsh or mangrove) 273 

in the 3x3 m plot under consideration was the fixed factor, and the covariates were, in turn, 1) 274 

the number of mangrove plots in the eight 3x3 m plots immediately surrounding the plot under 275 

consideration, 2) the number of mangrove plots in the twenty-four 3x3 m plots directly 276 

surrounding the plot under consideration, and 3) the number of mangrove plots in the entire 277 

24x42 m plot (Figure 1b). The effects of spatial scale were not analyzed at the observational 278 

study sites because the sampling design did not include measures of the vegetation surrounding 279 

each sampled plot. All statistical analyses were completed in R 4.0.3. 280 

 281 

Results 282 
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Both the observational study and manipulation experiment effectively created distinct 283 

treatments with either marsh or mangrove dominance. Mangroves and pneumatophores were 284 

absent from plots in the marsh sites in the observational study (Figure 2ab), whereas mangroves 285 

were present at ~45% cover and pneumatophores at ~48% cover at the mangrove sites. In the 286 

plot survey within the manipulation experiment, mangrove cover and pneumatophore cover were 287 

high (>95%) in mangrove plots (Figure 3ab), but low (~1%) for mangroves and moderate 288 

(~45%) for pneumatophores in marsh plots. In the transect survey within the manipulation 289 

experiment, mangrove cover and pneumatophore cover were moderate to high (~30-75%) in 290 

mangrove plots but moderate to low (~8-13%) in marsh plots (Figure 4ab). 291 

In most cases, marsh plant cover was greater in the marsh treatment than in the mangrove 292 

treatment in both experiment types. In the observational study, Spartina and Sarcocornia were 293 

abundant (~40-45% cover) in the marsh sites, but rare (~5-10% cover) in the mangrove sites 294 

(Figure 2ce). Batis did not differ in cover (~20-25%) between the marsh and mangrove sites 295 

(Figure 2d). In the plot survey within the manipulation experiment, the three marsh plants were 296 

present at moderate cover values (~10-20%) in marsh plots, but absent in mangrove plots (Figure 297 

3c-e). In the transect survey within the manipulation experiment, the three marsh plants were 298 

present at moderate cover values (~5-15%) in marsh plots, but almost absent in mangrove plots 299 

(Figure 4c-e). Lastly, in the transplant experiment within the manipulation experiment, all three 300 

marsh plants grew several times better when planted in marsh plots (by ~3-6 times) than in the 301 

mangrove plots (Figure 5). 302 

Comparisons of the RII across methods (Figure 6) supported the first hypothesis that the 303 

intensity of competition would vary between methods for Batis and Sarcocornia. Batis and 304 

Sarcocornia performed differently across methods (Batis, p=0.003; Sarcocornia, p=0.003), with 305 
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RII values more negative (indicating stronger competition) in the approaches within the 306 

manipulation experiment than in the observational study (Appendix: Table S1). Spartina 307 

performed similarly across each of the survey methods (p=0.16).  308 

NMDS analysis also indicated that the composition of the plant communities differed 309 

between marsh and mangrove dominance, regardless of sampling method (Appendix: Figure S3; 310 

Table S2, PERMANOVA: observation survey, p=0.001; plot survey, p=0.001; transect survey, 311 

p=0.001). Within-treatment variation among samples did not differ for the observation survey 312 

(PERMDISP, p=0.60) but did for the plot survey (p=0.001) and transect survey (p=0.001), due to 313 

very little variation in species cover within the treatments.  314 

Comparisons of the RII across species (Figure 6) supported the second hypothesis, that 315 

the intensity of competition would vary among species. In the observational study, Spartina and 316 

Sarcocornia both had moderately strong negative RII values (-0.75 and -0.65), indicating strong 317 

competitive interactions with mangroves. In contrast, Batis had almost neutral (-0.13) RII values, 318 

indicating the absence of strong interactions. In the plot survey at the manipulation experiment, 319 

all three marsh plants had highly negative RII values indicating very strong competitive 320 

interactions with mangroves, with no statistically significant differences between their responses 321 

(p=0.36). In the transect survey at the manipulation experiment, Batis and Sarcocornia had 322 

highly negative RII values indicating very strong competitive interactions with mangroves. 323 

Spartina had less extreme RII values (~-0.50), but this difference was not statistically significant 324 

(p=0.13). Similarly, the RII values for the three species were not significantly different in the 325 

transplant experiment (p=0.23). Tukey post-hoc comparisons are located in Appendix: Table S1.  326 

The ANOVA and ANCOVA analyses supported the third hypothesis, that the measured 327 

effect of competition would be a function of spatial scale in the plot survey and transect survey, 328 
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because covariates for mangrove cover at larger spatial scales were usually statistically 329 

significant, indicating that results were a function both of the treatment type (whether the 330 

immediate 3x3 m cell was dominated by mangroves or marsh plants, but also by the cover of 331 

mangroves at larger spatial scales (Appendix: Table S3; Table S4). In the plot survey, the two-332 

way ANOVA analyzing the effects of treatment type (marsh or mangrove) and zone (fringe or 333 

interior) were consistent with the t-tests, indicating that treatment type had a significant influence 334 

on all species (p<0.0001), and also revealed that mangroves and pneumatophores were affected 335 

by zone within the plot (mangrove cover slightly greater in the fringe, and pneumatophore cover 336 

higher in the interior) (Pennings, 2021b). Marsh plant cover was not affected by zone. Separate 337 

ANCOVA analyses with covariates representing mangrove cover at three larger spatial scales 338 

found that all spatial scales were significantly related to cover except for Sarcocornia 339 

(Appendix: Table S3). For Spartina and Batis, percent cover in the marsh treatment was greater 340 

in plots with low overall mangrove cover (Appendix: Figure S3). In the case of Sarcocornia, 341 

none of the covariates were significant (Appendix: Table S3).  342 

Similar results were obtained in the transect survey (Appendix: Table S4). The ANOVA 343 

results were again consistent with the t-tests, indicating that vegetation type had a significant 344 

influence on all species (p<0.0001), and also revealed that zone had a significant influence on all 345 

species except Sarcocornia (p=0.23). Separate ANCOVA analyses with covariates representing 346 

mangrove cover at three larger spatial scales found that the covariates were significant for each 347 

plant variable, with marsh plant cover higher in plots with low overall mangrove cover 348 

(Appendix: Figure S4, Table S4).  349 

For the transplant experiment, the ANOVA results were again consistent with the t-tests, 350 

indicating that treatment type had a significant influence on all transplanted marsh species 351 



17 

(Appendix: Table S5). Plot zone did not affect the outcome for any of the plant species. Separate 352 

ANCOVA analyses with covariates representing mangrove cover at three larger spatial scales 353 

found no effects of any covariate in the transplant experiment (Appendix: Figure S5, Table S5).  354 

 355 

Discussion 356 

As expected, mangroves strongly suppressed the cover and biomass of salt marsh plants. 357 

But our understanding of these interactions varied depending on the study method used, the plant 358 

species studied, and the spatial scale considered. This was because the results of the different 359 

study approaches depended on different processes influencing community assembly. Because it 360 

bypassed the dispersal stage, the transplant experiment isolated the effects of competition at 361 

multiple spatial scales. In contrast, both the plot survey and transect survey within the 362 

manipulative experiment and the observational study examined the combined effects of 363 

dispersal, abiotic suitability and competition. Combining the various approaches provided insight 364 

into how results from the local scale could be extrapolated to the landscape, because outcomes 365 

depended on mangrove cover and on whether the experimental method isolated the effects of 366 

competition or also included other factors affecting community composition. 367 

 368 

Hypothesis 1: Comparing Natural vs. Manipulative Experiment 369 

Our first hypothesis was that the strength of competition (RII) would be weaker in the 370 

observational study than in the manipulative experiment because mangrove cover was higher at 371 

the site used for the manipulative experiment than at the sites used for the observational study. 372 

This hypothesis was supported for the two succulent species, Batis and Sarcocornia. In the 373 

observational study, mangroves did not achieve high cover in the mangrove sites, and cover of 374 
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the succulents at the mangrove sites was relatively high. We did not investigate why mangroves 375 

did not achieve higher cover at these sites, but two possibilities seem likely. First, it is possible 376 

that these sites had low recruitment rates of mangroves because they were farther away from 377 

major tidal inlets that would transport mangrove propagules than were the experimental site.  378 

Second, it is possible that some patches on the landscape were too saline for mangroves, but 379 

acceptable for the succulents which are highly salt-tolerant (Debez et al., 2010; Naidoo et al., 380 

1990). In contrast, the sites chosen for the manipulative experiment had ~90% mangrove cover. 381 

Regardless of the mechanism, because the experimental site had high mangrove cover, there 382 

were few open patches that succulents could colonize, and mangroves had a much stronger 383 

competitive effect than in the observational study. There was no difference in relative interaction 384 

intensity across the different methods for Spartina, which cannot colonize highly saline soils but 385 

instead was often present in a band at lower elevations than the mangroves in both the 386 

observational study and the manipulation experiment (discussed further below).  387 

We chose our observational study sites for convenient road access and to encompass the 388 

heterogeneity of the area. We do not know whether they are representative of sites dominated by 389 

mangroves along the entire central Texas coast, but they did provide a clear contrast between 390 

sites with and without mangrove encroachment. When we set up the manipulative experiment, 391 

however, we did deliberately avoid areas with patchy mangrove cover in order to obtain a strong 392 

contrast between mangrove and marsh vegetation types. Consequently, the results of the 393 

manipulative experiment may be most relevant to areas with naturally high mangrove cover. To 394 

the extent that these areas are not representative of the Texas coast in general, this would be an 395 

example of “site-selection bias”, where scientists choose to study interactions in places where 396 

they suspect that those interactions will be strongest (Mentges et al., 2021). Site-selection bias is 397 
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probably common among manipulative experiments, because it is natural to pick study sites 398 

where focal species are common. In contrast, site-selection bias is often less of an issue in 399 

observational studies because of the greater spatial scale typical of observational studies 400 

(Fournier et al., 2019). In our case, where both types of experiments were deployed in the same 401 

geographic region, we were able to characterize the range of competition between mangroves 402 

and salt marsh plants on the Texas coast. Specifically, when mangroves are common, they 403 

strongly suppress salt marsh plants; however, mangroves may be sparse enough at many sites 404 

that salt marsh plants are able to coexist with them on a landscape scale. 405 

 406 

Hypothesis 2: Comparing Marsh Plant Species 407 

Our second hypothesis was that the three marsh species would respond differently to 408 

competition from mangroves. This hypothesis was supported, but only for the observational 409 

study, in which Spartina was strongly suppressed by mangroves, Sarcocornia moderately 410 

suppressed, and Batis not suppressed at all (Figure 6). As argued above, it is likely that Batis and 411 

to some extent Sarcocornia, as salt-tolerant competitive subordinates, are able to coexist with 412 

mangroves across the landscape by occupying patches that are too saline for mangrove 413 

colonization. Spartina, in contrast, is a flood-tolerant competitive subordinate, which is why it is 414 

often relegated to the stressful lower elevation zones (Bertness, 1991). As a result, Spartina can 415 

coexist with mangroves by occupying areas lower in the intertidal that are too flooded for 416 

mangroves to colonize (Naidoo et al., 1992; Xiao et al., 2010; Zhang et al., 2012); however, this 417 

strip of lower intertidal is a small fraction of the total intertidal landscape. This highlights an 418 

important bias of the observational study. In the manipulative experiment, mangroves strongly 419 

suppressed all three species of marsh plants; however, in the observational study, we observed 420 
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that all three had refuges from competition in places on the landscape that were inhospitable to 421 

mangroves. Because the saline refuges were more common across the landscape than the flooded 422 

refuges, however, the observational study implied that Spartina was more strongly affected by 423 

competition than the two succulents. This result, however, was a function of how abiotic stress 424 

varied across the landscape, not of competition per se. 425 

A general, although perhaps obvious, lesson from this comparison is that studies of a 426 

single species may not be representative of the community as a whole. To the extent possible, 427 

studies of mangrove encroachment—or the spread of any new species in any community—428 

should examine effects on as many species in the community as possible in order to understand 429 

the range of competitive interactions. 430 

 431 

Hypothesis 3: Spatial Scale 432 

Our third hypothesis was that spatial scale would influence our measures of competition 433 

between mangroves and marsh vegetation. We explored this in the manipulation experiment by 434 

testing three covariates in three separate analyses: number of mangrove plots surrounding the 435 

3x3 m plot in question in the 24x42 m large plots, the number of mangrove plots in the twenty-436 

four immediate surrounding plots, and the number of mangrove plots in the eight immediate 437 

surrounding plots. We did not run a single analysis with all three covariates because they were 438 

highly correlated with each other, given that each scale included the smaller one. For the plot 439 

survey and transect survey, the analysis revealed that each of the covariates was important for 440 

predicting cover of Spartina and Batis. In other words, for these two species, competition was 441 

not solely localized at the 3x3 m plot, but rather it was a function of mangrove cover at larger 442 

spatial scales as well. Results for Sarcocornia cover were ambiguous, perhaps because it was the 443 
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rarest of these three marsh plants at the site: the covariates were important in the transect survey 444 

but not in the plot survey. In contrast, biomass of the transplanted plants was unaffected by any 445 

of the covariates, indicating that competition in this case was solely between immediate 446 

neighbors, and not affected by plants in surrounding stands.  447 

The most likely explanation for these different results is that the results of the plot survey 448 

and transect survey were affected both by colonization in the early dispersal life stage and 449 

competition for various resources in multiple life stages. In contrast, results of the transplant 450 

experiment were affected only by competition for various resources in the later life stages, since 451 

the transplant methodology by definition ensured that local plots were colonized. Viewed this 452 

way, the difference between the methods is consistent with ecological theory. Interspecific plant 453 

interactions should primarily occur between immediate neighbors, because plants deplete 454 

resources and experience abiotic conditions at local scales (Kneitel et al., 2004). In contrast, plot-455 

level spatial scales influence community composition primarily by affecting the initial 456 

compositional variation among communities and dispersal (Cadotte, 2006). In the case of our 457 

manipulation experiment, marsh plants needed to naturally colonize the mangrove removal plots 458 

in order to be counted in the plot and transect surveys. They were more successful in doing so in 459 

low mangrove cover plots (Appendix: Figure S3; Figure S4), likely because they spread clonally 460 

by ramets growing from adjacent marsh plots, or from propagules produced by plants in nearby 461 

marsh plots. Marsh cover was higher in plots with low mangrove cover, leading to a greater 462 

supply of potential colonists to other marsh plots. In contrast, once marsh plants were 463 

successfully established, as was ensured in the transplant experiment, competition was solely 464 

among immediate neighbors. More generally, studies of competition that rely on removing one 465 

species and observing how another responds may commonly underestimate the strength of 466 
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competition if the focal species is dispersal limited. As this discussion has shown, it is not the 467 

case that one methodology is superior to another; rather, the different methods have different 468 

strengths and weaknesses, and test slightly different questions. In some cases, one method may 469 

align perfectly with the specific questions being asked in a particular study. In other cases, a 470 

combination of methods will provide more insight than any one method alone. 471 

 472 

Conclusion 473 

Mangroves are expanding in many areas as climate changes, with the result that intertidal 474 

vegetation changes dramatically from low-stature, marsh plants to taller, woody mangroves. This 475 

shift is ongoing in many areas along the northern US Gulf Coast (Gabler et al., 2017), 476 

specifically in areas across Texas (Comeaux et al., 2012), Louisiana (Osland et al., 2014a), 477 

western Florida (Osland et al., 2012), and also on the Atlantic coast in eastern Florida 478 

(Cavanaugh et al., 2014). Mangrove expansion is also occurring on the coast of China (Peng et 479 

al., 2018; Zhang et al., 2012), Peru, the Pacific Coast of Mexico, South Africa (Saintilan et al., 480 

2014), and southeast Australia (Coleman et al., 2021). Our manipulative experiment and 481 

observational study complemented each other to identify different processes influencing this 482 

vegetation shift. In particular, although mangroves may compete strongly with marsh plants at 483 

the local scale, marsh plants may not be totally eradicated from sites colonized by mangroves, 484 

but instead may persist on the landscape at low densities in stressful habitats that offer a refuge 485 

from competition. One possible caveat is that our results were obtained from the western Gulf of 486 

Mexico, where mangroves are stunted by abiotic stress (Osland et al., 2018). In mangrove-marsh 487 

ecotones where mangroves attain greater heights (e.g., the Atlantic Coast of Florida), mangrove 488 

competitive dominance is likely to be enhanced but not complete (Dontis et al., 2020; Peterson et 489 
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al., 2012). We recommend that future studies of interactions between mangroves and salt marsh 490 

plants in other locations—and of woody encroachment in general—use both observational 491 

studies and manipulative experimental approaches in order to gain a more nuanced 492 

understanding of the nature of these interactions. 493 
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Figure Legends 675 

Figure 1. a) Layout of the manipulation experiment. Pictured are the ten large plots, each 24 m 676 

(parallel to the Lydia Ann shipping channel) x 42 m (perpendicular to the shipping channel), that 677 

were demarcated and mangroves removed within each smaller plot to cover classes from 0% to 678 

100% in increments of 11 percent (0%, 11%, 22%, 33%, 44%, 55%, 66%, 77%, 88%, and 679 

100%). Plots are outlined in dotted-white, and percent overall coverage is marked next to the 680 

plots. Photo by Anna Armitage. b) Design of the ANCOVA analyses. Pictured is a visual 681 

example of the layout of a plot (55%) to represent how the spatial factors were configured. The 682 

3x3 m marsh or mangrove plots, in this case a marsh plot shaded in white, are the focal treatment 683 

type treated as a fixed factor. The three covariates were: 1) Number of mangrove plots in the 684 

eight 3x3 m plots immediately surrounding the plot under consideration; outlined in yellow (in 685 

this case there are 5), 2) Number of mangrove plots in the twenty-four 3x3 m plots immediately 686 

surrounding the plot under consideration; those outlined in blue plus those outlined in yellow (in 687 

this case there are 14) and 3) the number of mangrove plots in the entire 24x42 m plot; area 688 

outlined in white (in this case there are 62; exact locations not shown to avoid clutter). This 689 

image depicts one 3x3 m plot as an example, but the analysis was performed for each of the 3x3 690 

m plots that were monitored using each survey method. The debris in and at the front of the plot 691 

is from the aftermath of Hurricane Harvey in 2017; photo taken shortly after. Photo by Rachel 692 

Glazner, permission granted from Anna Armitage. c) Study design of the plot survey. All 24 693 

replicates per plot are not shown as the picture denotes the general layout of the selected plots. d) 694 

Study design of the transect survey. e) Study design of the transplant experiment. Locations of 695 

the selected plots are pictured as an example, however locations varied for each plot. 696 
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Figure 2. Observational Study: Effect of treatment type (i.e., marsh = marsh-dominated sites, 697 

mangrove = mangrove-dominated sites) on percent species cover of mangroves and the three 698 

most common marsh plant species. Error bars indicate standard error of the mean, and t-value(df) 699 

and p-value represent results from a two-sample unpaired t-test. 700 

 701 

Figure 3. Manipulative Experiment: (Plot survey) Effect of treatment type (i.e., marsh = 702 

mangrove removed plots, mangrove = mangrove intact plots) on percent species cover of 703 

mangroves and the three most common marsh plant species. Error bars indicate standard error of 704 

the mean, and t-value(df) and p-value represent results from a two-sample unpaired t-test. 705 

 706 

Figure 4. Manipulative Experiment: (Transect survey) Effect of treatment type (i.e., marsh = 707 

mangrove removed plots, mangrove = mangrove intact plots) on percent species cover of 708 

mangroves and the three most common marsh species. Error bars indicate standard error of the 709 

mean, and t-value(df) and p-value represent results from a two-sample unpaired t-test. 710 

 711 

Figure 5. Manipulative Experiment: (Transplant experiment) Effect of treatment type (i.e., 712 

marsh = mangrove removed plots, mangrove = mangrove intact plots) on harvested aboveground 713 

biomass (grams) of the three transplanted marsh species. Error bars indicate standard error of the 714 

mean, and t-value(df) and p-value represent results from a two-sample unpaired t-test. 715 

 716 

Figure 6. Comparisons of the relative interaction intensity (RII) for each of the three common 717 

marsh species across the four study approaches. Negative values represent competition with 718 

mangroves whereas positive values represent facilitation by mangroves. Error bars indicate 719 
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standard error of the mean. The p-values in the title of each panel represent a comparison of 720 

methods within each species using ANOVA to test the first hypothesis, that the observational 721 

survey would show less extreme competitive interactions than the methods conducted at the 722 

manipulation experiment; the p-values within the first panel in each method’s column represent 723 

comparisons of species within each method using ANOVA to test the second hypothesis, that the 724 

three marsh species would respond differently to mangrove competition. Complete ANOVA 725 

tables are provided in the supplementary materials (Appendix: Table S1). 726 

 727 

Figure 7. NMDS comparing between treatment types for each sampling method. Multivariate 728 

composition of communities within marsh (light-shaded polygon with white squares) or 729 

mangrove (dark-shaded polygon with grey circles) treatments in a) the observation survey 730 

(observational study), b) plot survey (manipulative experiment), and c) transect survey 731 

(manipulative experiment). The nonmetric multidimensional scaling (NMDS) ordination is a 732 

representation of dissimilarities among treatments based on plant abundance using the Bray-733 

Curtis similarity matrix, square root transformed. 2D stress values are shown. 734 
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Figure 1 736 
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Figure 2 739 
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Figure 4 745 

 746 

  747 



39 

Figure 5 748 
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Figure 6 751 
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(b) Batis, p= 0.003
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(c) Sarcocornia, p= 0.003
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Figure 7 754 
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